We have collected a global dataset of several thousands of high quality records of PKPdf, PKPbc, PKPbc-diff and PKPab phase arrivals in the distance range [149-178°]. Within this collection, we have identified an energy packet that arrives 5-20 s after the PKPbc (or PKPbc-diff) and represents a phase that is not predicted by 1D reference seismic models. We use array analysis techniques to enhance the signal of these scattered phases and show that they originate along the great-circle path in a consistent range of arrival times and narrow range of ray parameters. We therefore refer to this scattered energy the ''M'' phase. Using the cross-correlation technique to detect and measure the scattered energy arrival times, we compiled a dataset of 1116 records of this M phase. There are no obvious variations with source or station location, nor with the depth of the source. After exploration of possible location for this M phase, we show that its origin is most likely in the vicinity of the inner-core boundary. A tentative model is found that predicts an M-like phase, and produces good fits to its travel times as well as those of the main core phases. In this model, the P velocity profile with depth exhibits an increased gradient from about 400 km to 50 km above the ICB (i.e. slightly faster velocities than in AK135 or PREM), and a $50 km thick lower velocity layer right above the ICB.
Introduction
Since its discovery in 1936 by Lehmann (Lehmann, 1936) , the inner-core has been the focus of many studies (e.g. see recent reviews by Souriau, 2007; Deguen, 2012) . The fascination for this small and solid body that is surrounded by the liquid outer-core is due, in particular, to the significant role it may play for the generation and stabilization of the earth's magnetic field.
Seismological studies have shown evidence that the inner-core is anisotropic, with seismic waves traveling faster along the direction of the earth's rotation axis (Morelli et al., 1986; Woodhouse et al., 1986; Creager, 1992; Song and Helmberger, 1992; Bréger et al., 1999) . Morelli et al. (1986) suggested that this anisotropy can be explained by cylindrical anisotropy and might be due to preferred orientation of iron crystals. Also, there is evidence for hemispherical variations in anisotropy and isotropic P-velocity, with higher amplitudes of anisotropy and smaller isotropic P-velocities in the western hemisphere than in the eastern hemisphere (Niu and Wen, 2001; Cao and Romanowicz, 2004; Irving and Deuss, 2011; Waszek and Deuss, 2011; Tanaka, 2012) . To explain this dichotomy Alboussière et al. (2010) and Monnereau et al. (2010) recently proposed a model of inner-core melting and freezing by permanent eastward translation of the inner-core. This model would both explain the inner-core anisotropy and hemispherical dichotomy. It is however difficult to reconcile with the most recent estimates of thermal conductivity of the core (e.g. Pozzo et al., 2012; de Koker et al., 2012) .
While the presence of heterogeneities in the inner-core has been accepted for decades, it is usually assumed that the liquid outer-core is homogeneous because of its low viscosity (Stevenson, 1987) , which could not sustain density variations large enough to be detected by seismological methods. However, the homogeneity of the outer-core has been debated. At the top of the outer-core, there may be compositional stratification with higher than average concentration of light elements (e.g. Fearn et al., 1981; Eaton and Kendall, 2006; Helffrich and Kaneshima, 2010) . Likewise, the last 200 km at the base of the outer core exhibit a reduced P-velocity gradient with depth (Souriau and Poupinet, 1991; Song and Helmberger, 1992; Yu and Wen, 2005; Zou et al., 2008) . This region, denoted F-layer by K.E. Bullen in the 1940s may be the site of complex dynamics (e.g. Physics of the Earth and Planetary Interiors 245 (2015) [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] Contents lists available at ScienceDirect
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j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / p e p i et al., 2008) . In addition, seismologists have been investigating the seismic detectability of structure in the bulk of the outer-core from P wave tomography (e.g. Soldati et al., 2003) , and the presence of faster than average P-velocities inside the tangent cylinder to the inner core has been proposed as a possible alternative to inner core anisotropy (Romanowicz and Bréger, 2000; Romanowicz et al., 2003) . While this possibility has been questioned (e.g. Souriau et al., 2003; Ishii and Dziewonski, 2005; Yu and Wen, 2005) , evidence for hemispherical variations of structure at the base of the outer core has also been proposed (e.g. Song and Helmberger, 1992; Yu and Wen, 2005; Zou et al., 2008) .
Significant scattering has been documented previously in the coda of the PKPbc-diff phase (e.g. Nakanishi, 1990; Tanaka, 2005) . From the wide distribution of slownesses of PKPbc-diff investigated using array data, Tanaka (2005) suggested that the small slownesses (smaller than 2 s= ) could be explained by the trapping of seismic waves by ICB topography. Other studies have also suggested the presence of significant short wavelength topography at the ICB (e.g. Morita, 1987; . On the other hand, Nakanishi (1990) suggested that the PKPbc-diff coda phases with high slownesses (between 2 and 4 s= ) could be scattered PKP phases at the core-mantle boundary (CMB).
To investigate the velocity structure at the base of the outer-core, Zou et al. (2008) measured PKPbc-diff travel-times and amplitudes with respect to PKPdf and modeled synthetic seismograms for a variety of F-layer models. They searched for a model that would best fit their observations. They were able to explain the relative travel-time measurements by introducing a low velocity layer at the base of the outer-core. However, they failed to predict the PKPbc-diff/PKPdf amplitude ratios and proposed that either ICB topography or a layer of high attenuation at the base of the outer-core might be required to fit their measurements. In a recent paper, Souriau (2015) used a large dataset of PKPbc travel-time residuals from seismological bulletins and analyzed the velocity profile at the base of the outer-core. Her results suggest that a heterogeneous patch with P-velocity perturbations up to 0.5% may exist in the eastern hemisphere in the deep outer-core, right above the F-layer. If confirmed, this would show that the base of the outer-core may not be homogeneous and that heterogeneities could be detectable using seismological tools.
In this study, we collect a global dataset of more than a thousand PKPdf, PKPbc, PKPbc-diff and PKPab waveforms. We document the presence of significant scattering in the coda of the PKPbc and PKPbc-diff phases. Scattering in seismic wave codas is usually very complex and expected to be due to short wavelength structure (Vidale and Earle, 2000) . However, we easily identify isolated scattered phases that are well above the noise and with waveforms that are comparable to those of PKPdf and PKPbc core phases. We use array analysis techniques to enhance the signal of the scattered phases and consider the possible explanations for these observations. We argue that the scattering must originate near the ICB.
Data collection and identification of scatterers
We have collected a high quality dataset of vertical component broad-band records of core phases: PKPdf, PKPbc, PKPbc-diff and PKPab ( Fig. 1) at IRIS, Orfeus and F-net data centers corresponding to 435 worldwide earthquakes from January 1998 to November 2013. We only considered events with depth greater than 100 km, to avoid contamination of the core phases with depth phases, and with mb magnitude between 5.1 and 6.8, to avoid source complexity in the waveforms. Event parameters are from the relocated EHB catalog (Engdahl et al., 1998; Bondár and Storchak, 2011) , or from the ISC bulletin (International Seismological Centre, 2012) when EHB parameters are not available. Instrument response is removed and high-pass and low-pass filters are applied between the frequencies 0.2-0.7 Hz and 1.5-2.6 Hz, respectively. The cut-off and corner frequencies have been tested and this bandpass filter seems to best highlight the core phases.
Upon examining the collected waveforms, we identified an energy arrival about 5-20 s after the PKPbc or PKPbc-diff arrivals (Adam and Romanowicz, 2013 ) that is not predicted by reference 1D Earth models ( Fig. 2 and Table 1 ). In order to further investigate the origin of this energy, we systematically analyzed our dataset for events in the south American and Fiji Islands subduction zones, in the north Pacific area, and for one deep event in Spain. We selected the data for which we detected scattering in the PKPbc (or PKPbc-diff) coda (see Section 4 for more information about the detection of the scattered phases). We mainly focused our study on these subduction zones because of the good geographical distribution of earthquakes and available stations, although the scattered phases are also observed in other regions (Fig. 6) .
We note that the scattered energy can be individually isolated in the seismograms (Fig. 2) , in contrast to other types of scattered energy, such as precursors to PKPdf which appear as a continuum of energy, best modeled using an envelope-based approach (e.g Shearer and Earle, 2008) . Also, the amplitude of the scattered phase can sometimes be almost as large as that of the PKPbc and stronger than that of PKIIKP. We call this scattered phase ''M''.
Array analysis
We used the Phase Weighted Stack (PWS) technique (Schimmel and Paulssen, 1997) on small aperture arrays to enhance the scattered signal and better constrain its arrival time and slowness. We combined this technique with a beamforming analysis in order to detect the direction of arrival of the signal and determine whether the energy propagates along the great-circle path. Stations within each array were chosen such that the epicentral distance and azimuth ranges did not exceed 5 and 10 respectively. This was to avoid wave front distortions due to heterogeneities beneath the stations that would reduce the coherency of the signal. The PWS is computed with a time resolution of 0.05 s, slowness resolution of 0:1s= and azimuth resolution of 10 . The procedure for the detection of the M phase in the vespagrams was as follow. First, we picked all the times and slownesses in the vespagrams that propagate along the great-circle path (or within a window of þ = À 10 ) and correspond to an energy arrival. Second, considering the depth of the source and the epicentral distance of the stations, we computed the arrival times and slownesses of the phases predicted by the 1D reference Earth model AK135 (Kennett et al., 1995) . Finally, after identifying the phases predicted by this model, we focused on the remaining energy arrivals in the time window between the PKPbc and PKPab phases. If more than one unknown arrival was identified, we excluded the seismogram from the dataset. Less than 2% of the seismograms have been rejected for this reason and we assume that this will not bias the analysis. We denoted this energy the M phase and picked its arrival time and slowness.
To perform the PWS and beamforming analysis, we selected events for which we identified scattered phases in at least four stations in an array of stations. We completed the record-section with available and good-quality seismograms even if no scattering was detected in those supplementary seismograms. We assumed that even if no scattered phase was detected visually, it might still be present and be enhanced by stacking.
We applied these techniques to several events located in the Fiji Islands, south American and west Pacific subduction zones (see Table 2 for more information about the events and Table 3 for more information about the arrays). Thanks to the dense coverage of broadband stations in Europe and the various broadband array deployments considered, we were able to accurately constrain the back-azimuths and the slownesses of the core phases and scattered phases at various locations and in a wide range of epicentral distances. back-azimuth i.e along the great-circle plane ( Fig. 3 
Back-azimuth and slowness

(B), (C), and (E)). A coherent phase arriving after
PKPbc is also detected at 0 back-azimuth (see blue circle in Fig. 3 (D) and supplementary materials for more information). This energy is rather weak and not detectable by eye in every single record. Individual seismograms might show other energy arrivals with relatively high amplitude but those do not stack constructively. Here, we do not consider these arrivals. Indeed, Fig. 3(F) shows that stacking at other times in the PKPbc coda does not result in a coherent arrival along the great-circle path. Figs. 22 and 23 present results of PWS and beamforming analysis at five times in the coda of the PKPbc and show that no other coherent phase arrives several seconds before or after the M phase. They also present a similar analysis in the coda of the PKPab and show that there is no coherent arrival in the PKPab coda that would be similar to the M phase. We tested the significance of the PKPbc, M and PKPab phases and the robustness of the arrival times, slownesses and back-azimuths measurements using the bootstrap method. Results confirm the significance of the phases and the use of the PWS method Fig. 4 shows the results from the PWS and beamforming analysis for all events and arrays in Tables 2 and 3 . The results confirm that the scattered energy propagates along the great-circle plane and that all the slownesses are consistent along epicentral distance and are independent of source location and depth. The slowness of the scattered energy is slightly higher than that of the PKPbc phase.
Because the observations are from different source or station locations and there is no discrepancy in the array analysis results, the origin of the scattered phases is most likely a global feature. Indeed, if the scattering was due to a localized heterogeneous feature within the Earth, it would not be observed with so much consistency at a global scale.
Polarity
We obtained high signal to noise ratio waveforms of the scatterers thanks to the stacking technique. Fig. 5 shows the enhanced signal of the scatterer for an event in the Fiji Islands, recorded at stations in Spain and for an event in Argentina, recorded at stations in East China (see event and stations information in Tables 2 and 3 for the event ID 11 and 10). Here, the waveform and polarity seems to be most similar to the waveform of the PKPdf in the first example and of the PKPbc-diff in the second example. We found that the waveform and polarity of the M phase is similar to the waveform of the PKPdf, or PKPbc-diff when PKPbc-diff's waveform differs from the waveform of the PKPdf. No similarities with the waveform of the PKPab has been observed. 
Arrival-time and amplitude measurements
To obtain travel-time measurements in places where the distribution of stations is not suitable for PWS and beamforming analysis (incomplete radial or azimuthal coverage of the stations) and improve the geographical coverage of ray paths for which the M phase may be observed, we also measured core and M phase travel-times in individual seismograms. We used the cross-correlation technique and measured relative travel-times of the PKPbc, PKPbc-diff, PKPab and M phases with respect to PKPdf.
PKPdf, PKPbc and PKPab predicted arrival times are from AK135 1D reference Earth model, corrected for ellipticity. PKPab-PKPdf differential travel-times are measured by cross-correlating the seismogram with the Hilbert transform of the PKPdf wavelet (Choy and Richards, 1975) . When a high amplitude was detected in the cross-correlation function between the measured PKPbc (or PKPbc-diff) and PKPab arrival times, we assumed it was the M phase and measured PKPdf-M differential travel-times from the cross-correlation. The threshold for detection is set to at least 1.5 times the average noise amplitude that is measured between 3 s after the predicted PKPbc and before the predicted PKPab phases arrivals. Every cross-correlation function and arrival time thus obtained have been manually verified to ensure the quality of the measurements. In some rare cases, we could identify two or more unknown arrivals between the PKPbc (or PKPbc-diff) and PKPab arrivals. These records were not included in our dataset. Ellipticity and reference Earth travel-time corrections were not applied to the cross-correlation measurements because these corrections are unknown yet for the scattered phase.
We obtained a dataset of 1601 seismograms for which we could identify the PKPdf, PKPbc (or PKPbc-diff) and PKPab phases. For 69.71% of this dataset, we also identified an M phase in the PKPbc coda, i.e we detected an amplitude in the cross-correlation function that is above the threshold. The remaining 30.29% seismograms did not show any high amplitude in the cross-correlation function meaning, no scattering in the PKPbc or PKPbc-diff coda. As shown in Fig. 6 , there is no clear geographical distinction between paths for which these scatterers are observed and paths for which they are not or are below the threshold of detection. The identification, or not, of the scattered phase does not depend on the azimuth, epicentral distance, magnitude, depth of the event (Table 1) or the time at which the earthquake occurred (Fig. 21) .
Results show consistent arrival times with epicentral distance (Fig. 7(A) ), especially considering that we analyzed data from different source depths and focal mechanisms. Arrival-times are also consistent with the results of the PWS analysis (Fig. 8) . We note a good continuity along epicentral distance between the PKPbc and PKPbc-diff differential travel-times, while the latter can be measured up to 170
. The dispersion in the travel-time measurements of PKPbc-diff is not larger than for PKPbc. We can however observe a wider dispersion in the measurements of the M phase compared to what is observed for the PKP phases. The energy of the M phase arrives with a slightly larger slowness compared to the slowness of PKPbc and smaller than that of PKPab, confirming the results of the PWS analysis. Unlike for PKPab, there is no systematic trend with earthquake depth for either PKPbc or the M phase. All these observations will help to better understand the origin of the scattered phase.
We measured the amplitude of the core phases and of the scattered phase by measuring the maximum peak-to-peak amplitude for each phase (Fig. 7(B) ). Because we compared measurements from different events and stations, we also computed averaged amplitude ratios using sliding windows as a function of epicentral distance (Fig. 7(C) ) and PKPdf bottom point radius (Fig. 7(D) ). We see that the PKPab/PKPdf amplitude ratio is relatively constant as a function of epicentral distance, whereas the PKPbc/PKPdf amplitude ratio decays faster with epicentral distance. PKPbc/PKPdf decays up to $ 161 distance and stabilizes at larger distances. This reflects the fact that the PKPbc phase is not sensitive to the same structures at short and long distances. Indeed, at short epicentral distances, the PKPbc phase is mostly sensitive to the base of the outer-core while it starts to sense the ICB at distances greater than $ 155
i.e. the distance at which PKPbc starts to diffract at the ICB. At epicentral distances for which PKPbc diffracts, the amplitude of the scattered phase is similar to that of the PKPbc-diff, suggesting that both phases may be sensitive to the same structure i.e. at and around the ICB.
Location of the scatterer
We first analyzed the coda of the PKPdf and PKPab phases to look for similar scattering as in the PKPbc coda. However, we could only identify phase arrivals that are predicted by AK135 and no other coherent arrivals that would be similar to what is observed in the PKPbc and PKPbc-diff coda. The coherent scattering seems to be only associated with PKPbc and PKPbc-diff phases (Figs. 22  and 23) . The beamforming results also show a much less focused energy concentration in azimuth and slowness at the time of PKPab than for the M phase (e.g. Figs. 3(B)-(D) and 5 where the energy of the PKPab stacks in a wide range of slownesses), probably reflecting the interaction of the PKPab with heterogeneities at the base of the mantle. The character of the M phase is clearly different. There are several possible locations for the source of the scattered phases. In what follows we successively examine these different possibilities.
Reflection in the crust or upper-mantle on the station side?
We considered the crust and upper-mantle on the station side as the possible origin of the scattering in the PKPbc coda and searched for a phase that would arrive approximately at the same time as the M phase.
The PKPdfPmP, PKPbcPmP and PKPabPmP phases that follow the PKPdf, PKPbc and PKPab phases respectively and reflect at the earth's surface and at the Moho on the station side, arrive about 10 s after the main phases. We compared the arrival times of the PKPbcPmP phase with those of the observed M phase (Fig. 9) , and found that the slowness of the PKPbcPmP phase, while similar to that of PKPbc, does not fit our observations. Moreover, if the M phase was the PKPbcPmP phase, we would also observe a correlation between the delay time between the PKPbc and scattered phase and the depth of the Moho beneath the station. Fig. 10 shows that there is no such correlation. The observed scattering in the PKPbc coda is not associated with PKPbcPmP energy. Scattered phases from deeper upper mantle discontinuities can be ruled out as they would arrive later. The origin of the M phase is therefore not in the crust or upper-mantle on the station side.
Reflection in the crust or upper-mantle on the source side?
Because we observed scattering in records from events in different locations and at various depths above and within the transition zone (Table 1) , we can exclude the upper-mantle on the source side as a possible origin for the scattering in the PKPbc coda. Indeed, the structures in the upper-mantle differ from one subduction zone to another and would not provide coherent signals as observed. Moreover, at each location, the scattering has been observed at stations covering a wide range of azimuths and would therefore be sensitive to different structures in different subduction zones. In addition, we have also observed scattered phases with the same consistent characteristics in the coda of the depth phase pPKPbc for different source depths (e.g. Fig. 11 ). This confirms that the origin of the M phase is unlikely to be in the crust or upper-mantle on the source side.
Scattering in the lower-mantle, above the CMB?
The core-mantle boundary (CMB) and the D'' region are known to be the source of strong heterogeneity and the origin of core (Laske et al., 2013) . Bottom: lack of correlation between the Moho depth and M-PKPbc differential travel time.
phase precursors (Cleary and Haddon, 1972; Doornbos and Husebye, 1972; Haddon and Cleary, 1974) . Haddon and Cleary (1974) and Doornbos (1976) used single-scattering theory to predict the travel-times and slownesses of PKP precursors due to D'' heterogeneities. They compared their measurements to observed PKP precursors and showed good agreement between the predictions and the data, although later Hedlin and Shearer (2000) argued that the scattering could be distributed more evenly in the mantle. also used a single scattering approach to locate PKPdf precursors in the lower mantle beneath Yellowknife array. To investigate scattering in the coda of the PKPbc, we used a similar approach and predicted the scattered PKPdf, PKPbc and PKPab phases using single-scattering theory in a 1D Earth model with one scatterer located around the depth of the CMB, under the source or the station. To try to explain the M phase, scatterers need to be located such that the scattered ray path arrives at the station with a slowness between 0.7 and 1:6 s= in order to be consistent with the PWS results. Fig. 12 presents the predicted arrival times of the scattered PKPdf, PKPbc and PKPab phases and shows that the M-phase cannot originate near the CMB, at least within the framework of single scattering theory, which seems appropriate given that the observed M phase appears as a well isolated phase. In order to investigate this further, using multiple-scattering theory, we modeled velocity structures above the CMB, in the D'' region, and computed synthetic seismograms up to 0.7 Hz in a spherical axi-symetric 2D, anelastic, anisotropic model for acoustic wave propagation using the AxiSEM code (Nissen-Meyer et al., 2014) . Stations were located every degree in the ½150 À 180 epicentral distance range. The D'' region was modeled as a 200, 300 or 400 km thick layer above the CMB with velocity perturbations between À5 and +5%. We tested various cases of velocity perturbation distribution within the layer and considered a homogeneous layer of positive or negative perturbations or a random distribution of positive and negative perturbations in a $30 km horizontal and vertical scale-length.
We examined the seismograms resulting from these computations and computed phase weighted stacks in 5 intervals in epicentral distance to enhance the signal. Results may show a little scattering in the coda of the PKPab but no scattering in the coda of the PKPbc or PKPbc-diff (Fig. 13) .
CMB topography at short wavelength or sharp vertical boundaries, such as expected at ULVZ's, could be other candidates for sources of the M phase. However, because of the similarities of the PKPbc and PKPdf rays in the lower-mantle, if PKPbc was scattered at the CMB, then we would expect to observe similar scattering in the coda of PKPdf or PKPab which is not the case (Figs. 3(F) , 18(F), 22 and 23). Considering all these observations, it is unlikely that the M phase originates in the vicinity of the CMB.
Scattering inside the inner-core?
An origin in the inner-core is unlikely because of the long time delay of the M phase with respect to the PKPdf phase. This would require that the M phase travel along a very long path in the inner-core or within a very slow velocity anomaly. A slow velocity layer has been observed in the top $40 km of the inner-core (Stroujkova and Cormier, 2004; Waszek and Deuss, 2011) , although the observed $3% P-velocity reduction is not sufficient to explain a 10 to 40 s time lag. Besides, a very slow velocity would have significantly slowed down the PKPdf phase as well.
Furthermore, cylindrical inner-core anisotropy has been proposed to explain the anomalous PKP travel-time observations as a function of the angle n i.e. the angle between the Earth's rotation axis and the PKPdf path in the inner-core (Poupinet et al., 1983; Morelli et al., 1986; Woodhouse et al., 1986; Creager, 1992; Vinnik et al., 1994) . The scattering in the PKPbc coda thus is not likely related to anisotropy in the inner-core because no relation between the scattering arrival times or amplitudes and n have been identified. In addition, Tanaka and Hamaguchi (1997) , Niu and Wen (2001) , Deuss et al. (2010) , Irving and Deuss (2011) and Waszek and Deuss, 2011 showed hemispherical discrepancies in inner-core velocity structure, anisotropy and attenuation, whereas there are no hemispherical variations in the scattered phase that could point to an origin in the inner-core. 5.5. Scattering in the outer-core? Romanowicz and Bréger (2000) and Romanowicz et al. (2003) suggested that the ''L-shaped'' distribution of the relative travel-time anomalies between the PKPbc and PKPdf phases with respect to n might be due to outer-core structures (e.g. higher velocities within polar caps or within the cylinder tangent to the inner core). If such structures exist, the rapid velocity changes at their relatively sharp boundaries within the outer-core could be responsible for the scattering observed in the PKPbc and PKPbc-diff coda. Using the AxiSEM approach, we computed synthetic seismograms with perturbed outer-core velocity structures and tested models of polar caps and tangent cylinder that best fit the PKPbc-PKPdf travel-time anomalies (Adam and Romanowicz, 2014) and analyzed the coda of the core phases. Besides travel-time delays of the PKP phases, we did not observe scattering in the PKPbc coda that could explain the observations.
Discussion
Having ruled out many of the possible origins for the scattered M phase, we are led to conclude that the scattering most likely occurs in the vicinity of the inner-core boundary. In particular, the observation that the amplitude of the M phase has a similar behavior to that of the PKPbc-diff phase at large distances ( Fig. 7(C) and (D)) indicates that it is interacting similarly with the ICB. This leads us to consider three possibilities: structure immediately above the ICB (i.e. in the so-called F-layer), topography of the ICB (e.g. , or patchy structure at the very top of the inner core (e.g. Krasnoshchekov et al., 2005) .
Here, we further consider the first possibility. In the outer-core, right above the inner-core boundary, the F-layer is a layer where the P-velocity gradient is shallower than in the rest of the outer core (Souriau and Poupinet, 1991; Song and Helmberger, 1992; Yu and Wen, 2005; Zou et al., 2008) , which may result from the melting-freezing mechanisms at the ICB (Alboussière et al., 2010; Monnereau et al., 2010) . The interaction between the PKPbc or PKPbc-diff and the F-layer might result in scattering. Souriau and Poupinet (1991) , Song and Helmberger (1992) and Zou et al. (2008) observed that the velocity in a $150 km thick layer at the base of the outer-core may be reduced by up to a few percent. We used these parameters to model the F-layer using the AxiSEM approach. Fig. 14 shows a vespagram predicted for an F-layer model with a thickness of 200 km and a velocity reduction of 2% with respect to AK135. We observed an energy arrival in the vespagram that is after the PKPbc and before the PKPab arrivals and is not predicted by the reference Earth model AK135. However, the arrival times and slownesses do not match the observations. The average difference between the data and the model is À1.63 s for PKPbc-PKPdf, 7.11 s for M-PKPdf and 0.89 s for PKPab-PKPdf. While the fit for PKPbc and PKPab is relatively good, the fit for the scatterer is poor. Models with a thinner (down to 100 km) or thicker (up to 300 km) layer with smaller (down to 0.5%), higher (up to 5%) also fail to predict the observations. In a recent paper, Souriau (2015) suggested the presence of a patch with P-velocity perturbations located a few hundred kilometers above the ICB to explain the measured PKPbc residuals. She described this patch, as a $300 km thick layer with a 0.5% P-velocity increase or decrease in the eastern or western hemisphere respectively. Although the existence of stratification in the liquid outer-core is controversial, results from this study might reinforce the hypothesis of outer-core stratification.
We tested the P-velocity model of the outer-core proposed by Souriau (2015) by computing synthetic seismograms using the AxiSEM approach and searched for energy in the PKPbc and PKPbc-diff coda. Results show almost non-detectable scattered phases in the coda and travel-time predictions for this scattering do not fit the observations (Fig. 15) . The average difference between the data and the model is 0.62 s for PKPbc-PKPdf, 6.11 s for M-PKPdf and À0.32 s for PKPab-PKPdf. Travel-times are better predicted than for the F-layer model but the fit improvement for the scattered phase is not significant.
We tested various other models of outer-core stratification and showed that a $1% increase of P-velocity in a 300 km thick layer, extending down to 50 km above the ICB explain the travel-time observations of the M phase (Fig. 16(A) ). We identified a distinct energy arrival in the scattered coda of the stacked seismograms (Fig. 17) that is comparable to that observed, although weaker. Despite the poor prediction of the amplitude of the scattered phase (Fig. 16(B) and (C)), we were able to explain the relative travel-times with an average difference of 1.01 s for PKPbc-PKPdf, 1.89 s for M-PKPdf and À0.66 s for PKPab-PKPdf which is a significant improvement of the fit for the scatterer. Although the fit for the PKPbc-PKPdf is good, we observed an advance of the absolute arrival times of PKPdf, PKPbc and PKPbc-diff of at most 1.3 s. A slow velocity layer in the inner core may be require in order to fit both absolute and relative travel-time as well as the scatterer relative travel-times. Also, further adjustments are still necessary to better explain the amplitude of the M phase.
A structure with an increased gradient starting $400 km above the ICB and a relatively thin lower velocity layer at the base of the outer core, as shown in Fig. 16 , fits travel-times of the M phase without destroying the fits to PKPbc-PKPdf. This indicates that the causative structure could be a thin layer of lower than average P-velocities above the ICB, which in reality might have laterally variable thickness, in order to explain the dispersion in the travel times of the M phase as well as the variability in its amplitude. However, we cannot at this point completely rule out the possibility that the causative structure is ICB topography, as suggested by Tanaka (2005) and Zou et al. (2008) . Indeed, a model with ICB topography of sinusoidal shape with 5 km horizontal and vertical scale-length fits the PKPbc/PKPdf and PKPbc-diff/PKPdf amplitude (Kennett et al., 1995) (red solid line) and PREM (Dziewonski and Anderson, 1981) (gray solid line) P-velocity models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 15 . Left: measured relative PKPbc, PKPab and M phase travel-times with respect to PKPdf (dots). Solid colored lines show the predicted relative travel-times for a perturbed outer-core P-velocity model (Souriau, 2015) . Right: perturbed AK135 (red dashed line), AK135 (Kennett et al., 1995) (red solid line) and PREM (Dziewonski and Anderson, 1981) (gray solid line) P-velocity models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) ratio variation with distance better, however, we do not obtain any scattering in the coda of these waves that would fit the observations. Because of technical difficulties with fine-tuning the ICB topography models that can be tested at this point, testing this kind of model will be addressed in the near future. An heterogeneous layer with lateral variations or ICB topography may result in focusing and defocusing effects that could explain the instability in the detection of the M phase at nearby stations.
Conclusion
In conclusion, we have identified significant arrivals in the coda of the PKPbc and PKPbc-diff phases that appear to be due to single scattering in the deep earth, and we called the corresponding phase ''M''. We ruled out a crust or upper mantle origin on the source and station side, as well as an origin near the core-mantle boundary. We also ruled out layering in the inner core as a possible origin for the M phase. This phase thus appears to originate near the ICB or at the base of the outer core. In a future work, we will document the PKPbc-diff phase in order to better understand the structure of the ICB and its role for the generation of the M phase.
We have explored models of structure at the base of the outer core, some of which appear to correctly predict the travel times of the M phase without destroying the fit to the travel times of PKPbc-PKPdf. A $300 km thick layer with a larger gradient than in AK135 over a $50 km lower velocity layer above the ICB (i.e. where velocities are closer to those of AK135) provides a good fit to travel-times. Lateral variations in the thickness of this layer, combined with ICB topography, may help improve the fits to the amplitudes. In future work, we will also explore possible effects of other types of lateral heterogeneity in the immediate vicinity of the ICB. (Kennett et al., 1995) (red solid line) and PREM (Dziewonski and Anderson, 1981) (gray solid line) P-velocity models. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 17 . Vespagram for PWS of synthetic seismograms in 150-155°epicentral distance range for AK135 reference Earth model (A) and perturbed P-velocity profile as in Fig. 16(D) (B) . Detected core phases and scattered energy are highlighted with black circles. Black and white crosses show the measured travel-times and slownesses. C: stacked seismograms at four slownesses showing the different phases.
